1963. -The maximal rate of left ventricular pressure development (max. dp/dt) was measured in an arenexic preparation which permitted independent control of stroke volume, heart rate, and aortic pressure. Max. dp/dt increased as a result of elevating ventricular end-diastolic pressure. Elevating mean aortic pressure and increasing heart rate each resulted in a higher max. dp/dt without a change in ventricular end-diastolic pressure. Aortic diastolic pressure was shown to influence max. dp/dt in the absence of changes in ventricular end-diastolic pressure or contractility. Increasing contractility increased max. dp/dt while changing the manner of ventricular activation decreased max. dp/dt. These findings demonstrate that changes in max. dp/dt can and frequently do reflect changes in myocardial contractility. These data also indicate that max. dp/dt is a complex function, subject not only to extrinsically induced changes in contractility, but also to ventricular end-diastolic pressure, aortic diastolic pressure, the manner of ventricular activation, and intrinsic adjustments of contractility.
0 UR PRESENT UNDERSTANDING of myocardial muscle mechanics suggests that the maximal rate of contraction, from any given initial fiber length, is a sensitive index of the inotropic state of the muscle (I, 2) . This view has been extended to the intact heart and preliminary measurements have indicated that the rate of development of ventricular pressure (dp/dt) may be a useful indicator of the heart's performance (3-8). The object of this investigation was to examine as systematically as possible the effects of 'ventricular enddiastolic pressure (LVEDP), aortic pressure, heart rate and extrinsic inotropic influences on the maximal rate of rise of left ventricular pressure (max. dp/dt). The results of this study help to define more clearly which should obtain for max. dp/dt to indicate reliably changes in the basic contractility of the myocardium, as well as to determine those influences other than changes in contractility which can alter max. dp/dt. The term myocardial contractility will be used to describe the performance of the heart. When from any given end-diastolic pressure the ventricle performs more external stroke work or stroke power, without a decrease of either, or when the ventricle is able to perform a constant amount of external work or power from a lower end-diastolic pressure, an increase of myocardial contractility is considered to have occurred.
A preliminary report of this material has been presented elsewhere (9). At a stroke volume of IO ml (panel A), LVEDP was 5 cm Hz0 and max. dp/dt was 2, 200 mm Hg/sec. Stroke volume was then elevated to 30 ml (panel B); LVEDP rose to 1 I cm Hz0 and max. dp/dt increased to 3,500 mm Hg/sec. When stroke volume was augmented at constant mean aortic pressure, aortic systolic pressure increased. The effect of increasing stroke volume at constant aortic systolic pressure was also observed* The results of such an experiment are shown in Fig. 2 (lower) l Stroke volume was increased from IO (panel A) to 30 ml (panel B) at an aortic systolic pressure of 130 mm Hg. LVEDP increased from 4.5 to 10.0 cm Hz0 and max. dp/dt increased from 2,650 to 3,350 mm Hg/sec.
METHODS

RESULTS
In the experiments described in this report the effect was observed of varying independently stroke volume (and thus LVEDP), heart rate and mean aortic pressure on max. dp/dt of the left ventricle. The composite data from these studies illustrating the relation between max. dp/dt and each of the above hemodynamic variables are shown in Fig. I .
Effect of increasing heart rate ( Fig. I, middle) . In I 2 experiments on 5 dogs the relation between heart rate and max. dp/dt was examined.
Mean aortic pressure was controlled at IOO mm Hg and stroke volume was maintained at 15 ml. In each study heart rate was increased in steps of approximately IO beats/min from the lowest possible pace rate. All animals showed an increase of max. dp/dt with increasing heart rate. No consistent change of LVEDP was observed as heart rate was increased. In panel A heart rate was 120 beats/min and max. dp/dt was 2,050 mm Hg/sec. In panel B heart rate was increased to 188 beats/min and max. dp/dt increased to 2,680 mm Hg/sec. Efect of ventricular end-diastolic j-v-essure (Fig. I, left) + In nine experiments on five dogs the relation between LVEDP and max. dp/dt was investigated. Mean aortic pressure was maintained constant at IOO mm Hg and heart rate was controlled at 150 beats/min in each experiment. Ventricular end-diastolic pressure was elevated by increasing stroke volume in steps of IO ml. All animals showed an increase of max. dp/dt with the elevation of LVEDP induced by the augmentation of stroke volume. Figure 2 (u#$er) illustrates tracings from Efect of increasing aortic pressure (Fig. I, right) . The effect of increasing mean aortic pressure on max. dp/dt was examined in I I experiments on 5 animals. In each study mean aortic pressure was elevated in steps of approximately IO mm Hg while stroke volume and heart rate were held constant.
In all animals max. dp/dt increased as mean aortic pressure was elevated. The increase of max. dp/dt occurred whether or not LVEDP rose. Figure 3 ( g7 mm Hg and max. dp/dt was 3,480 mm Hg/sec. In panel B, mean aortic pressure was elevated to 145 mm Hg and max. dp/dt increased to 4,700 mm Hg/sec.
In four animals the influence of aortic diastolic pressure on max. dp/dt was investigated. Aortic resistance was abruptly increased between two heart beats. As a result, the ventricular contraction on the first beat subsequent to the increase was initiated from the same LVEDP as the preceding beat, but had to achieve a higher aortic diastolic pressure before ejection began. Figure 4 shows tracings from two such experiments. In panel A the resistance was elevated at such a time in the diastolic interval that aortic diastolic pressure was increased from 65 mm Hg to 87 mm Hg; on the first beat after elevating aortic resistance max. dp/dt was 465 mm Hg/sec greater. In panel B aortic diastolic pressure was elevated from I I 5 mm Hg to I 27 mm Hg; max. dp/dt increased 200 mm Hg/sec. Aortic diastolic pressure was shown to influence max. dp/dt at diastolic pressures ranging from 50 to 130 mm Hg. Figure  5 demonstrates the changes in max. dp/dt and LVEDP subsequent to a sudden maintained elevation of aortic pressure. In panel A max. dp/dt and LVEDP increased coincident with the elevation of aortic resistance.
While aortic pressure was then held at the new level max. dp/dt remained constant despite a fall of LVEDP.
In panel B max. dp/dt continued to increase while LVEDP fell. Figure  6 illustrates the time course of changes in max. dp pressure was 80 mm Hg, LVEDP 6 cm H20 and max. dp/dt 1,900 mm Hg/sec. Panel B was taken IO set after mean aortic pressure was suddenly increased to 125 mm Hg; LVEDP increased to I I cm Hz0 and max. dp/dt to 2,300 mm Hg/sec. Panel C was taken I min later. Despite the fall in LVEDP to 8 cm HzO, max. dp/dt had increased further to 3,000 mm Hg/sec. Panel D shows two beats IO set after mean aortic pressure was abruptly returned to the original level of 80 mm Hg. Although LVEDP was 3 cm Hz0 less than control, max. dp/dt was 2, IOO mm Hg/sec. Effect of altering inotropic background. In three animals the effect on max. dp/dt of a continuous infusion of FIG. 5. Effects of sudden maintained elevation of aortic pressure on max. dp/dt and LVEDP. See RESULTS section for description. norepinephrine was observed. Heart rate, stroke volume, and mean aortic pressure were held constant.
In all animals max. dp/dt increased. A representative experiment is shown in Fig. 7 (upper) . In the control record LVEDP was 5 cm Hz0 and max. dp/dt was 2,360 mm Hg/sec. During the norepinephrine infusion LVEDP fell to 3 cm Hz0 and max. dp/dt increased to 3.270 mm Hg/sec.
Five animals were digitalized with acetyl strophanthidin.
All showed an increased contractility (fall in LVEDP at constant heart rate, stroke both animals changing from atria1 to ventricular pacing resulted in a fall of max. dp/dt and an increase in LVEDP. Figure 8 shows tracings from one such experiment. During atria1 pacing, max. dp/dt was 2,280 mm Hg/sec while during ventricular pacing max. dp/dt was I ,800 mm Hg/sec in spite of a higher LVEDP. volume, and mean aortic pressure) (I 2) and an increase of max. dp/dt. Figure 7 (loser) shows the effect of acetyl strophanthidin.
In the control record LVEDP was 4 cm Hz0 and max. dp/dt 3,090 mm Hg/sec. After acetyl strophanthidin LVEDP fell to 2.5 cm Hz0 and max. dp/dt increased to 4,000 mm Hg/sec. Eject of altered ventricular activation. In two dogs the pathway of ventricular activation was abruptly changed and the effect on max. dp/dt was observed. During the control period the heart was paced from the right atrium.
Ventricular activation was then altered by delivering a stimulus directly to the ventricular epicardium from a second impulse generator synchronized with the first, but at a delay of 60-70 msec (slightly less than the control P-R interval). Mean aortic pressure, heart rate, and stroke volume were held constant.
In
DISCUSSION
The instantaneous rate of change of ventricular pressure (dp/dt) prior to opening of the aortic valve should be closely related to the rate of change of wall tension at any corresponding instant (7). Since max. dp/dt is reached before the onset of ejection (13) we felt that this measurement might be modified by changes of initial fiber length and contractility in a manner qualitatively similar to the effects of changing preload and inotropic background on the maximal rate of tension development by isolated cardiac muscle (2) . The data presented in this paper support in several respects the view that max. dp/dt is influenced by mechanical conditions under which the heart is operating in a manner similar to the effects of analogous factors on the rate of tension development by isolated muscle. In addition, the experiments demonstrate that max. dp/dt is a complex function subject to the influence of hemodynamic variables other than initial fiber length and the external inotropic background. These observations help to define more clearly limitations which should be considered if max. dp/dt is to be used as a reliable index of changes in myocardial contractility. Contraction of isolated heart muscle demonstrates two prominent characteristics. The first is that under constant load conditions, frequency of stimulation and inotropic state, the rate of force development increases as a result of increasing initial length (2). The maximal rate of tension development by an isometric segment of ventricular myocardium also has been shown to be a function of initial segment length (14). In the intact ventricle max. dp/dt increased as LVEDP was elevated. In addition, over the range of end-diastolic pressures studied the increase of max. dp/dt which resulted from elevating ventricular end-diastolic pressure clearly dominated the Laplace effect (15). That is, despite an increase in the radius of the ventricle, the greater rate of tension development consequent to the longer initial fiber length resulted in a higher max. dp/dt.
A second characteristic of heart muscle is that at constant initial length the rate of force development increases as a result of positive inotropic influences (I, 2). In the intact heart at constant stroke volume, aortic pressure and heart rate myocardial contractility was augmented by norepinephrine infusion and by digitalization.
In each instance a marked increase of max. dp/dt occurred despite a fall of LVEDP. It has been suggested that max. dp/dt is dependent only on ventricular end-diastolic fiber length and the existing level of myocardial contractility. In this study it was observed that on the first beat following an eleva-tion of aortic diastolic pressure max. dp/dt increased. This increase of max. dp/dt occurred with no change of LVEDP and was demonstrated over a wide range of pressures encompassing the normal diastolic levels. Since it is unlikely that any alteration of contractility occurred on the first beat (16), we have concluded that when the heart is operating from any given initial fiber length aortic diastolic pressure can influence max. dp/dt in the absence of changes in contractility.
The finding that max. dp/dt is higher on the first beat following elevation of aortic diastolic pressure is consistent with the observation that the rate of rise of ventricular pressure increases until just before the aortic valve opens (I 3). At least two factors could be operative in the increase of max. dp/dt which resulted from elevating aortic diastolic pressure and thereby delaying the onset of ejection.
Although the biochemical events associated with shortening of the contractile element of each fiber are thought to reach full active state almost instantaneously, force is developed by the fiber at a much slower rate. The mechanical interaction between the contractile element and the series elastic structure of each fiber is thought to explain this delay (I 1). A second possible factor has to do with the degree to which contraction of the ventricle is asynchronous (18) and the effects of a lack of synchronous contraction on changes of ventricular compliance during early systole. During the isovolumic period more fibers are continually entering into the contracted state (19) and thus the rate of ventricular pressure development increases. Further, as more fibers contract the ventricular wall becomes less compliant (20) and, therefore, for any given rate of fiber shortening the rate of rise of pressure increases. When the contraction of the heart was made less synchronous than normal by pacing from the ventricle rather than from the atrium, max. dp/dt decreased despite a higher LVEDP.
This finding supports the view that the manner of ventricular activation can influence significantly the performance of the ventricle and its rate of pressure development (2 I).
Sarnoff and co-workers (22) have shown that several beats after a maintained elevation of aortic pressure, an increase of contractility occurs which has been called homeometric autoregulation.
Similarly, a sustained increase of heart rate has been demonstrated to lead to an increase of contractility (22, 23) . Following an elevation of aortic pressure max. dp/dt increased on the first few beats because of a transient increase of LVEDP and because of a higher aortic diastolic pressure. On subsequent beats, max. dp/dt remained constant or increased further despite a fall of LVEDP.
Increasing heart rate also resulted in a marked increase of max. dp/dt without any change of LVEDP. These findings offer additional support for the concept of homeometric autoregulation and demonstrate that intrinsic alterations of contractility can result in substantial changes of the relation between max. dp/dt and LVEDP.
It has been suggested that max. dp/dt may be a useful index of changes in myocardial contractility. Reeves and his associates (7) were the first to carefully evaluate this possibility.
They demonstrated a close correlation between changes of contractile force measured with a strain-gauge arch and max. dp/dt from any given enddiastolic circumference. showed that max. dp/dt was increased by the inotropic agent Isuprel as well as by the tachycardia which followed atropine administration. Siegel and Sonnenblick (24) showed in an isovolumically contracting ventricle that the maximal rate of pressure rise divided by integrated isometric tension was modified by changes of contractility, but not influenced by alterations of enddiastolic fiber length. The data presented in this report confirm the view that max. dp/dt can be a sensitive index of extrinsically induced changes in myocardial contractility.
However, under the conditions of our experiments aortic diastolic pressure, the manner of ventricular activation and intrinsic adjustments of contractility (i.e., homeometric autoregulation) each have been shown to influence importantly max. dp/dt. These considerations demonstrate that max. dp/dt is not a specific index of myocardial contractility and emphasize that changes of this measurement should be interpreted with caution if any significant alteration of aortic pressure or heart rate occurs. ANGELAKOS, E. T., J. C. TORRES, AND M. L. TORCHIANA.
